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ABSTRACT  Whole organ tissue engineering represents a potential solution to the problem of organ shortage and host rejection; however, the process of producing a three-dimensional, functional organ is extremely complex. Research has used three-dimensional printing in order to combat the cost and time constraints that come with whole organ studies. This project created 3D scaffolds based on the trabecular portion of a sheep talus. Using these raw materials, pre-osteoblasts were injected onto the scaffold to test their proliferation within the 3D space. 
The purpose of this study was to create a three dimensional environment 
that was able to be coated and sustain cellular life in order to study 
osteogenesis in 3D. Successful generation of a 3D scaffold was made and printed with increasing efficiency to combat the cost and time constraints generally found with living tissue 3D matrices. Cells initially cultured in a traditional 2D environment were able to be removed using 0.25% trypsin and 1x PBS washes and subsequently placed in the 3D environment where it was maintained for multiple weeks. The success of maintaining the cells on the scaffold showed the promise of this technique to study how cells respond to a 3D environment in comparison to the traditional study method of a 2D environment.                  
 iii 
ACKNOWLEDGEMENTS To all of my family and friends, thank you all for your unwavering support in my academic endeavors. I cannot begin to explain how grateful and blessed I am for each one of you. To my parents, Roland and Deborah Baird: Thank you for always lending me an encouraging word. Thank you for everything you have done for me. I would not have made it this far without your love and support. I love you, both. To my husband, David Carder: Thank you for always believing in me even when I didn’t believe in myself. Thank you for everything you’ve sacrificed to make this dream become a reality. I love you.   To my mentors, Dr. Matthew Stern and Dr. Meir Barak: Thank you for providing me with the tools to enrich my education and discover my passion for research. Thank you for always teaching me, encouraging me and supporting me throughout these past two years. I am incredibly grateful to have gained such amazing teachers, mentors, and friends.   To my committee member, Dr. Kristi Westover: Thank you for all of your time, support and encouragement during this process and throughout my time in the Graduate Program. Thank you for always lending me a listening ear and a helpful hint. Most of all, thank you for mentoring me and giving me invaluable advice both in my research and my education. I have learned a tremendous amount from you in and out of the classroom. I am very thankful to consider you a teacher and mentor.  To my awesome research assistant, Laura Gibbs: Thank you for all of your time and hard work spent in the lab. I definitely could not have done it without you.   To Dr. Elizabeth King and the King Graduate Fellowship selection committee, Dr. Janice Chism, Dr. Dwight Dimaculangan, Dr. Laura Glasscock, Dr. Bill Rogers, and Dr. Kristi Westover: Thank you all so much for the incredible opportunity you’ve given me in selecting me as a King Graduate Fellowship Recipient for the 2015-2016 academic year. I am so grateful for Dr. King’s generosity and the consideration of the selection committee. It has been quite an honor to carry on Dr. King’s legacy through my research in cellular biology.   Funding for my thesis research was provided by Winthrop University’s SPAR Research Council Grant, SC15004. Additional funding was provided by the King Graduate Fellowship Foundation.    
 
 
 iv 
TABLE OF CONTENTS 
 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . v 1. Introduction . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . .  1 1.1  Bone Biology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 1.2  Bone Grafting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 1.3  Gene Expression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8 2. Material and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10 2.1  Scaffold Printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 2.2  Scaffold Sterilization . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 2.3  Scaffold Coating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 2.4  Cell Culturing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .13 2.5  Scaffold Seeding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 2.6  Cell Count . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .14 2.7  Cell Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.8  Evaluation of Cell Seeding . . . . . . . . . . . . . . . . . . . . . . .14 2.9  Cellular Differentiation . . . . . . . . . . . . . . . . . . . . . . . . . .15 2.10 Gene Expression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 3. Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 3.1 Scaffold Generation and Sterilization . . . . . . . . . . . .  16 3.2 Cell Culture and Scaffold Toxicity . . . . . . . . . . . . . . . . 18 3.3 Scaffold Coating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 3.4 Cell Seeding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 3.5 2D Disc Cell Culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .24   4. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .26 5. Works Cited . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .29 6. Appendices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .33   Appendix 1: MC3T3-E1 Cell Culture Protocol . . . . . . . . 33  Appendix 2: Cell Counting Protocol . . . . . . . . . . . . . . . . .  34    
 
 
 
 
 
 
 
 
 v 
LIST OF FIGURES 
 
Figure One: Scaffold coating techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 
Figure Two: Three-dimensional rendering of a scaffold subunit . . . . . . . . . . . . . 16 
Figure Three: Arial View of a completed scaffold . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 
Figure Four: Printed Scaffolds with size comparison . . . . . . . . . . . . . . . . . . . . . . . .18 
Figure Five: Results of Toxicity Test #1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .19 
Figure Six: Results of Toxicity Test #2 . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . 19 
Figure Seven: Comparison of Coating Techniques under SEM . . . . . . . . . . . . . . . 21  
Figure Eight: Alamar Blue Test to Verify cell seeding . . . . . . . . . . . . . . . . . . . . . . . . 22 
Figure Nine: Evaluation of Seeding Protocol under SEM . . . . . . . . . . . . . . . . . . . . . 23 
Figure Ten: Cell With dendritic projections under SEM . . .  . . . . . . . . . . . . . . . . . .  24 
Figure Eleven: Cells Seeded on the 2D Printed Environment. . . . . . . . . . . . . . . . .  25 
Figure Twelve: Cells Spreading out on the 2D Environment. . . . .  . . . . . . . . . . . . .26 
 
 
 
 
 
 
 
 
 
 
  
  1  
I. INTRODUCTION  Understanding how cells work in a 3D environment is pertinent to any biological research because cells in vivo are maintained in 3D. For decades, the scientific community has been limited to the traditional cell culturing methods, which only use cells in a 2D culture dish. Three-dimensional cell culturing and its associated research have been limited to those research institutions with high dollar budgets. Because of this expense, the research is very narrow and focused. A model system to study 3D culturing systems at an affordable price would allow for the research to progress much faster with many more trials. By incorporating a 3D printer, a new cell-culturing model can be made and studied at any research university.  Creating this new culture system would require access to a 3D printer and all the supplies needed for a conventional 2D culture. With the cost of 3D printers quickly declining, the availability of this technology is no longer an issue.  From epigenetics and cell culturing to mechanical testing and fluidics, the access to three-dimensional printing is quickly changing the scientific and medical community. Because of this technology, medical professionals are allowed to create implants and prosthetics that are custom fit for their patients while also reducing the cost. Establishing a novel way to utilize these three dimensional printers to study the cell proliferation and differentiation in 3D at a small scale will allow for a multitude of research facilities to incorporate this technology into their labs and classrooms.  
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Three dimensional printing and bioprinting are quickly gaining a formidable reputation as a new form of regenerative biology. With increased efficiency and lower prices, many researchers are looking to improve this new technology and use it as a means to improve the lives of patients through prosthetics and tissue regeneration. Non-living 3D printed body parts have become more and more available and are now commonplace in many medical procedures (Lipson, 2013).  While prosthetics and other non-living medical devices are easy to manufacture, it is much more difficult to print living cells and have them maintain their viability.  The 3D printing technology allows for the nanostructures of organs and cellular organization to be precisely controlled by computer aided design software. This ensures that each cell is placed in the appropriate order. However, cells must be able to stay alive and functional throughout the process in order for the end result to be a success (Ozbolat and Yu, 2013). This is one of the major challenges faced in the bioprinting industry today.  Using inanimate scaffolds as a base provides the structural environment needed for the cells to thrive. Scaffolds can provide an adequate supporting structure for cell attachment while also allowing the cells to migrate, communicate, and differentiate depending on their surroundings. Artificial matrices can also be used as a delivery system for antibiotics and other soluble factors (Khan et al., 2008). Cells’ ability to proliferate and differentiate will determine how successful the scaffold is because each scaffold must provide adequate nutrients in order to keep the cells alive once implanted into the body.  
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Cell aggregation is the foundation of organ printing because it allows cells to communicate with one another and interact within a common environment (Mironov, 2003). The rigid structure of bone makes this exceptionally challenging. The solid inorganic compound of the bone scaffold limits nutrient and waste movement (Mironov, 2003).  Rapid Prototyping (RP), the ability to quickly print multiple structures using 3D printing, has made in vitro study of bone modeling much more efficient and has many medical implications (Yeong, 2004).  Currently, it is thought that an adequate 3D structure will include the necessary elements for the implant to reconstruct and survive once implanted (Fedorovich et al., 2011).  Scaffolds printed using RP provides a surface for cells to adhere to and begin the process of reorganization depending on the different stresses and strains applied.  Researchers have also shown that scaffolds can influence the movement and differentiation of cells which can further lead to the proliferation and eventual shaping of the tissue (Chen et al., 2006). The initial adhesions are important in determining the cell strength and growth rate. Stronger scaffolds lead to stronger cells but the ability to conform and move under pressure also gives the cells a cushion (Rumpler et al., 2008). Finding the optimal middle ground is still being studied.  The new technology of 3D printing allows for custom built implants and prosthetics which greatly increases patient progress (Ventola, 2014). Instead of a standard prosthetic of bone graft, which then has to be cut during surgery, the printed replacements can be altered before printing to ensure an accurate fit on 
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the first try. This will greatly reduce surgery times, which reduces the time patients are under anesthesia. These direct benefits are a major reason 3D printing is sought after for biomedical use (Ventola, 2014). 
1.1 Bone Biology    The rate of skeletal growth is dependent on the proper function of bone cells working in concert to break down and rebuild the bone matrix constituting the organic and inorganic parts of bone. Bone cells involved in matrix regeneration are divided into three types. Osteoblasts are responsible for the deposition of bone matrix and are the precursor cells of osteocytes. Once those osteoblasts are completely surrounded in matrix, they are termed osteocytes and no longer secrete matrix. The third group, osteoclasts, is completely separate from the previous two and is derived from monocytes. Osteoclasts are responsible for the break down of existing bone matrix. Bone cells are the key to modeling the trabeculae in vivo, as they are the living reorganizers of the organic and inorganic compound in bone. This modeling and remodeling process is directed by osteocytes, which are bone cells surrounded in bone matrix.   Osteocytes are highly mechanosensitive and use this to direct the activity of both osteoblasts and osteoclasts.  Osteocytes are able to communicate with other osteocytes through gap junctions where their dendrites meet in the canaliculi. The deformation of the bone matrix and the stress it causes on the osteocytes promotes them to secrete biochemical signals from the osteocyte to the other cells within the matrix. Osteoblasts and osteoclasts respond to 
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mechanical stress by either building bone in order to withstand increasing loads (osteoblasts), removing bone matrix due to disuse of the bone, or decreasing load application (osteoclasts).  Bones develop through one of two processes, endochondral ossification or intramembranous ossification (Buckwalter et al., 1995). Endochondral ossification occurs when chondroblasts, which differentiate from mesenchymal cells, secrete hyaline cartilage, which is then replaced by ossified bone (Buckwalter et al., 1995). This occurs in weight bearing bones as well as in the bones of the base of the skull. Intramembranous ossification occurs within a membrane, where mesenchymal cells differentiate directly into osteoblasts. This process occurs in the bones of the face, patella, and parts of the clavicle (Buckwalter et al., 1995).  The difference in matrix deposition is important to bone modeling and remodeling because it determines gene expression and soluble factors supplied to the bone cells. During growth periods, the bone modeling process is influenced by stress, gene expression, and other soluble factors. These all modify the shape and density of the bone (Buckwalter et al., 1995).  With age, the bone cortices are thinned but the medullary diameter is increased. Bone density and strength are variable during a person’s lifespan. With age, the ability to form bone decreases as well (Hall, 2005). This is especially true for women, who have a large decrease in bone mass after menopause.  This age-related bone mass is dependent on the type of bone, as cancellous bone is lost in different proportions than cortical bone (Buckwalter et 
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al., 1995).  This difference between cortical and cancellous bone in terms of bone grafts and 3D printing is important as each type has its own challenges.  Cancellous bone is the bone type most used in bone grafts because the spaces provide an area for proliferation and migration. Cancellous bone has about twenty times more surface area than cortical bone even though both have osteocytes in lacunae and osteoblasts and bone lining cells along the outer edge surfaces (Buckwalter et al., 1995). The trabeculae of cancellous bone tend on average to align themselves along the direction of the main stress trajectories in the bone.  Cancellous bone is the target for bone cell harvesting and bone grafts because it is rapidly vascularized and can completely repair itself with time. Each person’s microvasculature is as unique as a fingerprint and with 3D printing and Rapid Prototyping, these structures can be printed to the specifics of each individual patient’s needs thus increasing the probability that the vascularization in the new implanted tissue will be kept functional (Miller, 2014). In order for the implant to survive, constant ingrowth of bone tissue must occur (Bose et al., 2013). This is not feasible without interconnected pores and channels in which the cells can migrate. Cancellous bones that can mimic the original bone without the use of screws and plates is more likely to be able to reorganize itself according to the stresses and strains felt through everyday activity. This could result in a bone equally as strong as before the break. Current research is being conducted on scaffolds that can be completely resorbed by the body leaving no trace of the original implant (Keshavan, 2014).    
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1.2 Bone Grafting  Bone grafts are commonly used in dental procedures and where the natural repair systems cannot fully heal the affected area. Allografts and autografts are the common methods of bone grafting used in practice today (Khan et al., 2008). These have inherent risks of rejection and infection due to the transplant and surgery procedure. Both these procedures require a donor, whether it is the patient or a bone marrow match. Research suggests nearly half of all large-scale bone grafts fail in one aspect or another after transplant (Burchardt, 1983). With limited donors, acquiring a match that is willing to undergo the often-painful procedure is increasingly difficult. Other options to fill spaces include bone-like pastes that are injected into the space solely for the purpose of filling the gap (Finkemeier, 2002). These do not incorporate living cells in the transplant but instead rely on the bone to infiltrate the space and reorganize it according to the physiological signals sent and received near the site of injection.  These procedures commonly use artificial stents and bridges in order to connect gaps within the bone. Newer research is attempting to implant cells onto the stents and bridges in order to boost the cellular proliferation occurring at the site of injury. In order to optimize this a better understanding of how those cells are effected by the 3D environment is crucial to the success and efficacy of the transplants. By creating a new cell culture technique, the differences between 2D versus 3D environment will be better understood because more research will be able to be done comparing the two. By consistently using a 2D traditional culture 
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system to study stem cells, the effects of gravity on different portions of the cell, fluid flow, and irregularities in the surface are unaccounted for and therefore left out of most current research.  In using stem cells, researchers can provide an environment conducive to producing bone and find out if it will form healthy bone tissue before implanting into a living specimen. By using stem cells the differentiation potential is exponentially increased compared to studies using differentiated bone cells.  Finally, there are materials made from glass that are commonly used in dental procedures allowing cells to infiltrate and moderate osteogenic responses. However, they provide little structural support and thus cannot be used in larger weight bearing bones (Finkemeier, 2002).  Still other researchers have found the hydroxyapatite is a better substance to use because it closely adheres to the existing bone (Deligianni et al., 2001). All these options remain during the entirety of the patient’s life and have different biomechanical properties than the natural bone surrounding them (Petrtyl et al., 2011). This creates weak points in the bone and can be the site of further fractures or microfractures.  
1.3 Gene Expression  Understanding gene expression and how it is changed under pressure and in different environments is key to the success of bone graft transplantations. With alternating gene expression, morphological changes in total bone structure can follow. Bone growth is determined by both mechanical influences and genetic differences. Growth factors are key to the change in bone 
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modeling and remodeling and these changes alter the way the bone cells interact. Matrix deposition and resorption are both controlled by genetic factors that interact in concert to produce a redistribution of matrix.   Many genes relating to the proliferation and collagen secretion of osteoblasts have been studied. These studies indicate which genes are important to look at once the cells are placed in a three-dimensional environment. Estrogens are thought to inhibit bone resorption, causing women to lose more bone mass after menopause (Ernst et al., 1987). Without estrogen or estrogen like hormones, bone resorption exceeds bone deposition leading to bone loss. Bisphosphonates are yet another soluble regulator of gene expression in osteoblasts. These also have effects on osteoclasts. Understanding the genes expressed in each cell type will further enable the manufacturing of implants to be patient specific. This will help researchers predict the effects of different environments on each cell type to optimize the proliferation and differentiation as the implant is incorporated into the patient’s body. Determining differences in effects and gene expression will lead to a better understanding of the effects of the environment on the bone cells, which will be implanted.  All of the genes tested will be chosen based on Winter et al. gene expression research (Winter et al., 2003). Bone morphogenic proteins (BMPs) will be the final genes tested. These are known to induce cell growth and differentiation (Lee et al., 2000). Control genes Gusb and GAPDH would be used as a base line of cell activity. Differentiation would be measured using Runx2, Bglap, and Mepe as they are all activated in the cells that are undergoing or 
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finished differentiating. Other genes that would be tested include col1a1, Phex, and Dmp1 which all are expressed in mineralization or collagen secretion. Finally, Fgf23, Sost, sp7, and rps18 would be tested as they have bone specific properties to them as proteins are created or fibroblasts are signaled.   The goals of this project were to create a reproducible and architecturally accurate bone scaffold using 3D printing methods and use the scaffolds created to culture cells in vitro. Successful design and printing of a three-dimensional scaffold will allow coating. Coating of the scaffolds will better aid cells adhering to the scaffolds. Cell adhesion will be shown through SEM and morphology of each cell will show the health of the cell population. Cell culture will need to be maintained for a minimum of 21 days in order to be considered successful.  
2. MATERIAL AND METHODS 
2.1 Scaffold Printing  The scaffolds were generated using a computer-aided design (CAD) program starting with a micro-computerized tomography (CT) scan of sheep trabecular talus bone. Transition from a 2D image to a 3D rendering was done using the CAD software (Amira 5.6, FEI) and the scaffolds were printed by linking the CAD software to a printer with computer-aided manufacturing (CAM) capabilities. Scaffolds were printed using the ProJet 1200 and VisiJet FTX Green Cartridge polymer printing material (3D Systems).  Scaffolds were printed in sets of six per print cycle, each measuring 7.75 x 7.75 x 4 mm. Post printing, the scaffolds were washed in 70% ethanol and an air jet was used to remove excess polymer. The scaffolds were cured in UV light for four 30-minute cycles to 
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ensure polymer settling. Discs were also printed using the same technique in order to create a 2D environment of the scaffolding material. The circular discs were printed in batches of 6 and received the same printing and sterilization technique as the bone modeled scaffolds.  
2.2 Scaffold Sterilization  Scaffolds were submerged in a 48-well plate containing 1 mL/well of 70% ethanol for one hour then the ethanol was allowed to evaporate in a cell culture hood. Post ethanol submersion, the scaffolds were submerged in 2mL 0.1% sodium azide in PBS for three hours then rinsed with Phosphate Buffer Solution (PBS). PBS rinsing was done by pipetting PBS onto the scaffolds and then removing for three cycles.  To test the efficacy of the sterilization process, a representative scaffold was placed in 2 mL osteoblast media without any antibiotics or antifungal reagents and incubated for 72 hours to allow growth. Inspection for contaminants was then done under light microscopy before continuing.  
2.3 Scaffold Coating  Scaffolds were coated with three different substances: collagen coating, hydroxyapatite, and gelatin. Collagen coating was done by submersion and orbital rotation for 6 hours at 37° C at 25 rotations per minute. Scaffolds were placed in a 48 well plate and 2 mL collagen was added to the well. The plate was set on an orbital rotator placed in an incubator for 6 hours. Collagen coating was done in three different concentrations. The lowest concentration was 10% of our stock collagen which is manufactured at 3.26mg/mL while the higher 
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concentrations were 50% and 70%. Collagen was diluted in a 0.02M acetic acid. Hydroxyapatite coating was done in a similar fashion. Hydroxyapatite was done in a low concentration and a high concentration. The low concentration hydroxyapatite coating was 0.5 mg/mL while the high concentration hydroxyapatite was done at 1mg/mL. HA was dissolved in collagen diluted in 0.02M acetic acid. Gelatin coating was varied in protocol but all concentrations remained 0.1% gelatin in ultrapure water. Collagen and Hydroxyapeite were tested in the beginning stages but were discontinued when gelatin was found to be better for the cell proliferation. Scaffolds were coated via submersion and orbital rotation at 56 rotations/minute as well as inversion and agitation (Figure 1). Inversion and agitation was accomplished by placing the scaffolds in tubes and inverting them at 30 inversions/minute.  
Figure 1. Scaffold coating techniques. A) Orbital rotation of scaffolds in 48-well plate on belly-button rotation device (56 rotations/minute). B) Inversion and agitation of scaffolds at 30 inversions/minute.   
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2.4 Cell culturing   Osteoblasts were obtained from the American Type Culture Collection (ATCC) and kept in liquid nitrogen until ready for use following protocols seen in Appendix 1 (Simione, 2009). The cell line used was the murine osteoblast (MC3T3-E1). Cells were cultured using aseptic technique. From liquid nitrogen, cells were thawed under cryo-gloves. Once thawed, the cells were pipetted from their individual vials into 5 mL of osteoblast media (DMEM, 10% FBS, 1% PSA). The cells were centrifuged for 5 minutes at 300g. After centrifugation, the cells are aggregated at the bottom of the tube in the form of a cell pellet and the media was discarded by pipetting into a waste container. Cells were re-suspended by flicking the bottom of the tube. Osteoblast media with 10% FBS and 1% PSA was added to the cells and then the cells and media were transferred to a 100mm cell culture plate for a final volume of 10mL per cell culture plate. Each plate was initially seeded with 500,000 cells per plate and plates were passaged at 70-80% confluence.  
2. 5 Scaffold Seeding    Cells were transferred to the scaffolds from the cell culture plates to the scaffolds using aseptic technique. Cell culture plates were first checked for contamination. Once contaminant free, the media was removed and the cells were washed with two rounds of PBS. After removing the PBS, 0.25% trypsin was added and the cells were incubated for 5 minutes until cells detached from the culture plate. Once the cells have detached, 5mL of osteoblast media was added to the cell/trypsin mixture. This mixture was then put into a 15 mL 
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conical tube and centrifuged for 5 minutes at 300g. The supernatant was then discarded and the pellet was suspended by flicking the bottom of the tube. The cells were suspended in 2mL of media. Scaffolds were placed in a 48-well plate with the porous end facing upward. The cell and media mixture was then slowly pipetted onto the scaffold and the scaffolds were placed in the incubator for 72 hours to allow attachment. Each cell seeding transferred 500,000 cells from a 2D cell culture plate to the scaffold.  
2.6 Cell Count  Cell counts were measured using a hemacytometer. Cells were collected in a microcentrifuge tube and 100uL Trypan blue were added. Cells were pipetted into one side of the hemacytometer and observed under light microscopy. Counts were done twice for each tube and the average was used. Details of this procedure can be found in Appendix 2 (Abcam, 2014).  
2.7 Cell Morphology   Each cell culture plate was inspected under the light microscope in order to evaluate cell health by morphology before transfer to the scaffolds. Cell morphology post seeding was done via light microscopy and SEM to verify attachment and cell health. During this phase, the plates were also scanned for contamination prior to scaffold seeding.  
2.8 Evaluation of Cell Seeding  In order to evaluate cell attachment, the scaffolds was fixed in Trump’s solution and the serially dehydrated. The first three levels of alcohol dehydration (10-40% ETOH) lasted 20 minutes each then the subsequent levels (50-100% 
  15  
ETOH) were 45 minutes each. Two rounds of 100% ETOH were done to ensure dehydration. Critical Point Drying followed this dehydration process. Traditional critical point drying was used in the Smith lab using the Polaron CPD7501 critical point dryer (Quorom Technologies). Alternatively, critically point drying using Hexamethyldisilazane Reagent (HMDS) was used in later experiment. No difference in the resulting scaffolds or cells was seen. After critically point drying, the scaffolds were evaluated in the SEM.   
2.9 Cellular Differentiation  Cell differentiation was measured via alizarin red staining.  (Reinholz et al., 2000). Cell differentiation media was made in 10 mL units. Alpha-MEM media was used as the base media component. PSA and FBS were added to supply nutrients and antibiotics. Dexamethasone (10nM), B-Glycerophosphate (10 mM), and Ascorbic Acid (50ug/mL) were added fresh to each 10mL media batch before being added to the cells. Differentiation was done in three sets of 7-day increments in order to allow the cells to securely attach to the polymer before any chemicals were added.  
2.10 Gene Expression  Gene expression was measured and quantified using an RNA isolation and real-time PCR to amplify the genes of interest then measured. For gene expression studies, RNA was isolated from cells on the scaffolds and reverse transcribed prior to real time PCR analysis. Real time PCR analysis was done using the Bio-Rad CFX96 real-time PCR machine (Bio-Rad).   
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3. RESULTS AND DISCUSSION 
3.1 Scaffold Generation and Sterilization  Throughout the subsets of experiments, a scaffold was produced that was comprised of four architecturally accurate to the cancellous matrix found in the talus bone of a sheep. The cube excised from the CT scan was rendered in a CAD program. These individual cubes were then duplicated and put together to make the final printable scaffold (Figure 3).  
 
Figure 2. Three dimensional rendering of a scaffold subunit. Graphic representation of one unit of cancellous bone to be printed. This unit was duplicated to create a final scaffold containing four units.   
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Figure 3. Arial view of a completed scaffold. Top view of the four units combined to create one complete scaffold. Scaffolds measured 7.75x7.75x4 mm.   In completing this first goal, alterations in the printing protocol were necessary, as the polymer was not completely dried once printing finished. Finally, in order to make these usable, the sterilization process was also modified.  The final method of sterilization was 1 hour under UV light in the hood followed by 1 hour in ethyl alcohol then sodium azide and finally one more hour under UV light. Sterilization was deemed successful after cubes were placed in media without antibiotics and nothing was seen growing post-incubation. Scaffolds measured 7.5 x 7.5 x 4 cm and were structurally similar to the bone found in the CT scans (Figure 4). 
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Figure 4. Printed Scaffolds. Left: Size comparison of scaffolds in relation to a standard quarter coin. Right: Inside view using a dissecting microscope looking at the architectural variations within the scaffold.   
3.2 Cell Culturing and Scaffold Toxicity Two-dimensional cell plating was evaluated via light microscopy as seen in Figure 5 after being subjected to the polymer scaffolds. Cells grew normally under the two-dimensional condition suggesting any change in ability to proliferate would be because of the dimensionality change. Unfortunately, the cells were less proliferative after 15-18 passages. Toxicity testing showed that cells grown in two-dimensions were not negatively affected by the presence of the scaffolding material. The cells saturated with scaffolding material, grow to confluence on the culture plate (Figure 6). The second round of toxicity testing showed that the cells were able to grow adjacent to a scaffold, which suggests the scaffold is not leeching anything toxic into the media.  
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Figure 5. Results of toxicity test #1. Cells growing in media saturated in scaffolding polymer. Normal cell morphology was observed and 95% cell confluence was obtained.   
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Figure 6. Results of toxicity test #2. 2D cultured cells thriving alongside the 3D printed scaffold. Black region at the bottom is the scaffold. Cells are seen in the upper portion of the figure. Normal morphology was observed.   
3.3 Scaffold Coating Scaffold coatings were verified via SEM (Figure 7). The four coating conditions were compared and elemental analysis was used to verify the coats. The uncoated scaffold shows hatch marks from the printing procedure and was used as a base for comparison. The collagen-coated scaffold does not show the hatch marks which means the collagen successfully stuck to the polymer scaffold. However, the collagen coated scaffolds do show large cracks which suggest that the coating was not dried evenly or it dried too quickly thus shrinking and resulting in large cracks along the surface. Similarly, the collagen/HA-coated scaffolds have large cracks and large aggregates of HA making the surface rough and inconsistent throughout the scaffold. Finally, the gelatin coating was the smoothest coating procedure used with no visible cracks or clumps on the scaffold and without the original hatch marks of the printer (Figure 7).  The cracking only poses a problem because it introduces variability between each scaffold. 
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Figure 7. Comparison of Coating Techniques under SEM. Top Left: Uncoated scaffold showing printing hatch marks. Top Right: Collagen coated scaffold showing cracking from shrinkage as a result of the drying process. Bottom right: Collagen and Hydroxyapatite (HA) coated scaffold showing cracks from shrinkage and crystals from the HA mixture. Bottom right: Gelatin coated scaffold showing a smooth top surface without major cracks.   
3.4 Cell Seeding Gelatin Coating seemed to work the best and for that reason, the scaffolds were all gelatin coated for the remainder of the projects. Overall cell seeding was first evaluated using Alamar Blue as seen in Figure 8. Figure 8 shows that the increased seedings lead to increased cell attachment and viability. However, this had its own limitation. As seeding number went up, the increase in the number of cells per seeding tapered off.   
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Figure 8. Alamar Blue Test to verify cell seeding. Column 1 (far right) shows the negative control of the media and Alamar blue stain without any cells. Columns 2 shows the first seeding, 3 shows the second seeding, 4 shows the third seeding, and column 5 shows the fourth seeding. Column 6 shows cells seeded once in a 2D traditional environment and the last two columns are positive controls of just media without any stain or cells.    A gradual color change is observed as seeding number increases but it is no where near the intensity of color change when the cells are plated in the traditional 2D environment (Figure 8). Cell seeding is limited; as the seeding number increases, the change in color is very low and decreases with each passage (Figure 8).  Cells attached to the scaffolds but were not spreading out like anticipated (Figure 9). Cells were aggregated in low-lying grooves or planes. Not many were attached to the walls of the scaffolding or any trabeculae that was vertical. Gravity was causing the cells to fall to the bottom of the scaffolding or get caught on various ridges and grooves. Only one cell was seen to spread out on an incline (Figure 10). This showed that it was possible for the cells to anchor into the 
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gelatin coating and start sending out projections but it was very rare. Most cells had a spherical morphology and although secure enough to resist the SEM preparation, they were not seen flattening out, as expected.  
 
Figure 9. Evaluation of Seeding Protocol under SEM. Various scaffolds seeded with MC3T3-E1 cells. Top Left: View from the top of the scaffold showing cells seeded on the exterior most face as well as on the groove entering into the trabeculae. Top Right: Focus on an inter-trabecular groove within the scaffold showing the cells aggregating in the bottom portion due to gravitational pull. 
Bottom Left: Stair like folds from the printing and coating process showing cells that were caught on subsequent layers as the fell to the bottom of the scaffold. 
Bottom Right: Bottom of the scaffolding after being cut in half showing that cells aggregated in the bottom region and in pockets found throughout the trabeculae.    
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Figure 10. Cell with dendritic projections under SEM. Cells within a grove found on the scaffold. The cell of interest (red box) has sent projections out from the cell body in order to securely attach to the wall of the scaffold. These projections will become a means of communication for the cell.   
3.5 2D Disc Cell Culture 
 In order to evaluate the cells ability to attach to the polymer without the added difficulty of three dimensions, discs were printed using the same polymer as the scaffolds.  These discs supplied a 2D environment to study the cells attachment to the polymer without contours. The cells attached to the 2D discs but not in the quantity that was expected (Figure 11). The cells were evenly spaced out along the disc but the morphology was still rounded for the most part. The cells all maintained the rounded morphology similar to those seen on the 3D scaffold (Figure 9).  Discs from each of the seven-day periods were evaluated under the SEM however no real difference in cell number was seen 
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between the different points. Figure 11 shows a representative photo of the discs used in these experiments.  
 
Figure 11. Cells Seeded on the 2D Printed Environment. Cells seeded at 500,000 cells per disc were placed in incubation for 14 days and then their attachment evaluated by SEM.   Some cells were seen starting to flatten on the 2D discs but this, as in the 3D models, were rare. The majority of the cells in any area are balled up and barely attached to the gelatin-coated scaffolds (Figure 12). Only few cells are spread out like they are typically seen in 2D culture environments. However, since there are cells that are spread out and sending out projections, this shows that the concept behind these experiments are not only possible but can be done in any cell lab with cell culture capabilities.  
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Figure 12. Cells spreading out on the 2D environment. Cells of interest show dendritic projections leaving from the cell body. These projections will become the cell’s mechanism of communication to other cells around it.   
4. CONCLUSION 
 Though my thesis project was limited by the ability to acquire fresh low passage cells, my execution of the 3 dimensional printing and subsequent cell culture using those scaffolds showed promising results regarding the ability to culture cells within a 3D environment. The successful generation of the scaffolding showed the promise for 3D printing technology to better progress research in 3 dimensions. Using the standard polymer supplied with the printer showed that in a cost-effective manner, it is possible to create an environment that can support cellular life. The efficacy of the project was under the expected but showing that it is possible was achieved.   The three overarching goals in this project were the scaffold production, culturing, and seeding. The scaffold production phase included printing both the 3D bone model scaffolds and the 2D discs. These were then sterilized and coated. Scaffold production was successful as determined by the SEM of the uncoated 3D 
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scaffolds and discs. Scaffolds were printed in multiples of 6 showing that the economic and time constraints of scaffold production were overcome through this process. The sterilization of the scaffolds were successful based on the scaffolds being put in media not supplemented by any antibiotics. The scaffolds submerged in the media without antibiotics showed little to no growth of any bacterial or microbial cells. Sterilization was pinnacle to the preparation stage of this project because it ensured the cells later found on the scaffolding were in fact bone cells intentionally placed there during the seeding process. The coating was successful. The gelatin coating was by far the most consistent and easiest technique. For that reason, gelatin was used for all the scaffolds throughout the experiments and was shown to support cellular growth on both the 3D and 2D scaffolds.   The second part of this process was the successful culturing the cells onto both 2D and 3D surfaces. Cells were successfully cultured in a 2D environment as traditionally done. The cells originally grown in a traditional setting were successfully transferred from the 2D environment onto both the discs and bone scaffolds. Cells were able to survive the transition from the traditional environment to the novel 3D scaffold environment.   The final process done in this project was the cell seeding and evaluation of this process. Cells were successfully seeded. The cells not only survived transfer from the 2D to 3D environment but also attached to the gelatin coating and sent out projections. The cells were not as confluent as when under 2D conditions but it did show that cells were able to undergo the change from a 2D 
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to 3D environment. The cell counts done on the 2D cultures were much higher than the ones in 3D supporting that the cells were more proliferative in the 2D environment than the printed scaffolds. However, the cell counts on the 3D environment showed that approximately half the cells were able to attach to scaffold during each seeding but after 3 separate seedings, the cell counts were no longer increasing. Cell morphology was another factor in evaluating the cell seeding technique.   Cells on the 2D traditional environment were spread out with a normal shape and confluency.  Cells in the 2D printed environment and the 3D scaffold were seen balled up and very spread scarcely around the surface. The differences in morphology showed that the cells interacted differently in the 2D versus 3D environment. After multiple days of culturing, some cells were seen starting to flatten out and secure down into the gelatin.   The future of this project would be to explore the differentiation potential of the cells once seeded onto the scaffold. Gene expression and differentiation are two next steps for this project, as they will show the differences at the genetic level the cells are undergoing as they transition from a 2D to 3D environment.      
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Appendix 1  MC3T3-E1 Cell Culture Protocol  Materials: 4 mL Trypsin/ EDTA 16 mL PBS 30mL Medium 50mL Tube 10mL Tube 2 Sterile Culture Plates Pipette Gun Tube Rack EtOH 70%  
• Take One Vial of Cells from Liquid Nitrogen Vat 
• Allow vial to thaw on counter under cryoglove or in 37 degree Celsius water bath 
• Transfer to 10 mL conical tube 
• Add 12 mL Medium 
• Spin at 250g for 5 mins 
• Remove Medium leaving the pellet of cells at the bottom 
• Resuspend Cells by tapping or flicking 
• Add 2 mL of Medium into tube in order to resuspend cells 
• Add to a plate containing 8 mL of medium 
• Place plate in incubator                   
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Appendix 2   Cell Counting Procedure  Materials Hemocytometer Cell Sample Light Microscope Micropipette  
• Obtain a 10µL of cells and place them into one side of the hemacytometer 
• Count Cells in the outer 4 quadrants 
• Include cells on top and lift lines 
• Exclude Cells on bottom and right lines 
• Average the cell number in the four quadrants 
• Multiply by 10^4 
• Multiply by the volume of the solution (mL) 
• Spin cells 
• Resuspend according to the desired final cell concentration  
 
  
